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I . 
Concern ing  a New Theory  of Type I C o m e t  T a i l s  

I n t r o d u c t i o n  

The Type I t a i l s  of comets have  been o b s e r v e d  a n d  

s t u d i e d  f o r  many y e a r s  b u t  t h e s e  v i s u a l  phenomena have  

l a r g e l y  r ema ined  an  enigma s i n c e  a n  a d e q u a t e  t h e o r y  

of t h e i r  f o r m a t i o n  a n d  dynamics h a s  y e t  t o  be p r e s e n t e d .  

As a d i rec t  r e s u l t  of r e c e n t  measurements  pe r fo rmed  b y  

i n s t r u m e n t s  carried i n t o  i n t e r p l a n e t a r y  space b y  sa te l l i t es  

a n d  s p a c e  p r o b e s ,  o u r  q u a n t i t a t i v e  knowledge of t h e  

i n t e r p l a n e t a r y  medium h a s  i n c r e a s e d  s i g n i f i c a n t l y .  I n  

a d d i t i o n ,  detai led measurements  of the e a r t h ' s  immediate 

env i ronmen t  i n  i n t e r p l a n e t a r y  s p a c e  s u g g e s t  tha t  a close 

a n a l o g y  may be drawn b e t w e e n  comets a n d  p l a n e t s  w i t h  

m a g n e t i c  f i e l d s  e The basic mechanism r e l a t i n g  these t w o  

ce les t ia l  o b j e c t s  is t h e i r  i n t e r a c t i o n  w i t h  the  f l u x  of 

i o n i z e d  gas or p lasma f r o m  t h e  sun  r e f e r r e d  t o  as t h e  

solar wind b y  Parker (1958, 1963). The i n t e r a c t i o n  

of t he  m a g n e t i z e d  p lasma w i t h  a comet or  the  geomagne t i c  

f i e l d  a p p a r e n t l y  leads t o  the  development  of s i m i l a r  

f e a t u r e s ,  namely: an  a p p r o x i m a t e l y  a n t i s o l a r  e x t e n d e d  m a g n e t i c  

t a i l  of g a s e o u s  mater ia l  or geomagnet ic  f i e l d  l i n e s .  

The I n t e r p l a n e t a r y  Medium 

Chapman a n d  F e r r a r o  (1933) p o s t u l a t e d  t h e  t r a n s i e n t  

e x i s t e n c e  of a n  a p p r e c i a b l e  f l u x  of p lasma f o l l o w i n g  so la r  

diStUrbafiCeS. B i e ~ ~ ~ i i a ~ ~ i i  (1351) suggested that the 
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p h y s i c a l  c h a r a c t e r i s t i c s  of Type I comet t a i l s  c o u l d  be 

e x p l a i n e d  on  t h e  bas i s  of t h e  i n t e r a c t i o n  w i t h  a c o n t i n u o u s  

f l u x  of solar  p l a sma .  T h i s  d i r e c t e d  t h e  a t t e n t i o n  o f  

s u b s e q u e n t  i n v e s t i g a t o r s  t o  c o n s i d e r  t h e  e x p a n s i o n  of t h e  

solar  co rona  i n t o  i n t e r p l a n e t a r y  s p a c e .  I n  a series of 

p a p e r s  b e g i n n i n g  i n  t h e  l a t e  1 9 5 0 ' s  Parker d e v e l o p e d  t h e  

t h e o r y  of t h e  hydrodynamic e x p a n s i o n  o f  t h e  solar  c o r o n a ,  

r e f e r r e d  t o  as a so la r  wind ,  I t  was p r e d i c t e d  t h a t  t h i s  

would c o n s i s t  p r i n c i p a l l y  of hydrogen  f l o w i n g  r a d i a l l y  

f rom t h e  sun  w i t h  f l u x  v a l u e s  between l o 7  10 

p a r t i c l e s / c m  /sec a n d  an  e n e r g y  of t h e  i n d i v i d u a l  

t o  10 
2 

p a r t i c l e s  o f j a p p r o x i m a t e l y  one Kev. 

Direct  measurements  of t h i s  solar  wind o r  p lasma 

h a v e  r e c e n t l y  been pe r fo rmed  by means o f  s a t e l l i t e  

measurements  c o n d u c t e d  b o t h  by t h i s  c o u n t r y  ( B o n e t t i  e t .  

a l ,  1963; Snyder  and Neugebauer ,  1963; B r i d g e  e t .  a l ,  1965) 

and  by  t h e  USSR (Gr ingauz ,  1960,1961). These  measu remen t s ,  w i t h  

a v e r a g e  f l u x e s  n e a r  3 X 1 0  / c m  /sec of 1 Kev p r o t o n s ,  c o n f i r m  

t h e  t h e o r y  o f  t h e  solar  wind as  p r e d i c t e d  by Parker and  

show t h a t  t h e  o r i g i n a l  estimates by  Biermann o f  s u b s t a n t i a l l y  

h i g h e r  f l u x e s  are n o t  o b s e r v e d .  A summary o f  t h e  d i r e c t  

measurements  of t h e  i n t e r p l a n e t a r y  p l a sma  cha rac t e r i s t i c s  is 

shown i n  T a b l e  I .  

8 2  
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Table  I 

Summary of D i r e c t  Measurements  
of t he  I n t e r p l a n e t a r y  Plasma 

Range of Average Average 
. Spacecraft Time Ion  % l u x  E q u i v a l e n t  V e l o c i t y  D e n s i t y  

(per c m  -see) Energy  ( K m / s e  c) 
(ev) 

Lun ik  I J a n  1959 -2 x lo8  > 15 > 60 > 30 

Lun ik  11. S e p t  1959 -4 x 10 > 15 > 60 > 30 8 

E x p l o r e r  X March 1961 3 x lo8  300-800 300 10 

M a r i n e r  I1 Aug-Dec EX52 800 - 2400 505 2 

IMP- I Nov 1963- 3 x l o 8  300-1000 319 2-10 
J a n  1964 

The m o s t  i m p o r t a n t  c o n c l u s i o n  reached from these 

r e c e n t  measurements  is t h a t  t h e  f l u x  of so la r  plasma 

is a c o n t i n u o u s  phenomena, w i t h  i m p o r t a n t  solar  related 

t i m e  v a r i a t i o n s .  The compos i t ion  of t h e  solar wind,  n o t  

a c c u r a t e l y  measu red ,  a p p e a r s  a t  t h e  p r e s e n t  t i m e  t o  c o n s i s t  

p r i n c i p a l l y  of hydrogen w i t h  a p p r o x i m a t e l y  5% he l ium.  

The v e l o c i t y  c o r r e s p o n d i n g  t o  1 Kev hydrogen  i o n s  is a b o u t  

400 W s e c .  

Magnet ic  l i n e s  o f  force o r i g i n a t i n g  i n  t h e  p h o t o s p h e r e  

are dragged i n t o  i n t e r p l a n e t a r y  s p a c e  and  form t h e  i n t e r -  

p l a n e t a r y  f i e l d  ( N e s s  and  Wilcox, 1964) w i t h  a n  average 

magn i tude  of 5 gammas a t  1 A.U. Dur ing  t i m e s  of q u i e t  

i n t e r v a l s  i n  t h e  solar c y c l e ,  IMP-I measurements  have 

established t h a t  an  Archimedean s p i r a l  sti%eture, derivable 

from t h e  basic model taf un i fo rm c o r o n a l  e x p a n s i o n  as  



- 4 -  

proposed  by  Parker,  is w e l l  app rox ima ted  by  these measure- 

m e n t s  (Ness and  Wilcox ,  1 9 6 5 ) .  A t  1 A . U .  t h e  a n g l e  between 

t h e  f i e l d  l i n e  a n d  a r a d i u s  v e c t o r  f rom t h e  sun  is a b o u t  

45O 0 

I n t e r a c t i o n  of Solar  Plasma w i t h  t h e  Geomagnetic F i e l d  

The p r e s e n c e  o f  t h e  magne t i c  f i e l d  i n  t h e  solar p lasma 

is p a r t i c u l a r l y  i m p o r t a n t  i n  i ts in t e rac t ion  w i t h  t h e  

geomagnet ic  f i e l d .  The rarefied d e n s i t y  o f  a p p r o x i m a t e l y  

a f e w  p a r t i c l e s / c m  a n d  t h e  t e m p e r a t u r e  o f  t h e  p lasma 

l o 4  - l o5  OK are such  t h a t  t h e  mean f r e e  p a t h  f o r  

c o l l i s i o n s  would be on t h e  order of f r a c t i o n s  o f  an 

a s t r o n o m i c a l  u n i t ,  Thus ,  t h e  i n t e r a c t i o n  o f  t h e  "co l l i s -  

i o n l e s s "  plasma w i t h  t h e  geomagnetic f i e l d  migh t  be 

approx ima ted  as i n d i v i d u a l  p a r t i c l e  s p e c u l a r  ref lect ion 

from t h e  geomagne t i c  boundary .  Di rec t  measurements  

t h e  s a t e l l i t e s  E x p l o r e r s  1 2 ,  1 4  a n d  IMP-I have  p r o v i d e d  

c o n c l u s i v e  e v i d e n c e  f o r  a c o n t a i n m e n t  of t h e  geomagne t i c  

f i e l d  a t  t h e  s u b s o l a r  p o i n t  a t  a g e o c e n t r i c  d i s t a n c e  of 

a p p r o x i m a t e l y  10 R e o  

p o s i t i o n s  of  t h e  boundary  o f  t h e  geomagne t i c  f i e l d  a s  

obse rved  b y  t h e  IMP-I s a t e l l i t e ,  p r o j e c t e d  on t h e  p l a n e  of % 

t h e  e c l i p t i c ,  f rom t h e  s u b s o l a r  p o i n t  t o  t h e  s u n r i s e  

t e r m i n a t o r ,  

3 

F i g u r e  1 summar izes  t h e  detai led 

The h i g h l y  e c c e n t r i c  o r b i t  of IMP-I,  w i t h  a n  apogee  of 

31*7 R e ,  P e r m i t s  a d e t a i l e d  mapping n o t  o n l y  of t h e  boundary  
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of t h e  geomagnet ic  f i e l d  b u t  a l s o  t h e  t r a n s i t i o n  r e g i o n  

between t h e  magne tosphe re  and  t h e  i n t e r p l a n e t a r y  medium. 

A s i g n i f i c a n t  r e s u l t  of  e x p e r i m e n t a l  measurements  by b o t h  

t h e  magne t i c  f i e l d  (Ness e t . a l . ,  1965) and  the p lasma e x p e r i m e n t  

( B r i d g e  e t . a l . ,  1965) is t h e  o b s e r v a t i o n  o f  a d e t a c h e d  b o w  

shock wave s t a n d i n g  o f f  f rom the  magnetosphere  by  3-4 Be* 

The p r e s e n c e  o f  t h e  shock  wave h a s  been p r e d i c t e d  (Axford, 

1 9 6 2 ;  K e l l o g g ,  1962) o n  t h e  bas i s  of a n  a n a l o g y  between 

s u p e r s o n i c  gas dynamics  and l i m i t i n g  c o n d i t i o n s  a p p r o x i m a t i n g  

t h e  i n t e r p l a n e t a r y  medium as  a c o n t i n u o u s  f l u i d .  The 

i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  p e r m i t s  t h e  r e d u c t i o n  o f  

c h a r a c t e r i s t i c  scale l e n g t h s  t o  a n  e l e c t r o d y n a m i c  scale of 

p r o t o n  Larmor r a d i i ,  a p p r o x i m a t e l y  lo3  Km. 

The WID wave p h a s e  v e l o c i t y  o r  A l f v e n  s p e e d  is 50-100 

Km/sec so t h a t  t h e  solar  wind is s u p e r s o n i c  a t  a Mach 

number of 5-10. Al though t h e  d e t a i l s  related t o  the f o r m a t i o n  

o f  the  c o l l i s i o n l e s s  shock wave have  y e t  t o  be t h e o r e t i c a l l y  

d e v e l o p e d  i n  d e t a i l  (Cordey ,  1965), t he  r e s u l t s  o f  t h e  IMP-I 

s a t e l l i t e  have  i n d i c a t e d  t h a t  the  e x i s t e n c e  of a shock wave 

s u r r o u n d i n g  c e l e s t i a l  ob jec ts  i n  t he  flow of t h e  solar  wind 

is a n  i m p o r t a n t  a s p e c t  of t h e i r  s p a c e  env i ronmen t .  I t  is 

i m p o r t a n t  t o  n o t e  i n  t h i s  context t h a t  t h e  size of t h e  

magne tosphe re ,  20 R = 10 Km, is a p p r o x i m a t e l y  e q u a l  t o  

t h a t  o f  a comet coma and hence t h e  e x i s t e n c e  of a s i m i l a r l y  

detached shock wave e n v e l o p i n g  a comet may be r e a s o n a b l y  

5 
e 
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a n t i c i p a t e d  (Axford ,  1 9 6 4 ) .  Related t o  t h e  bow shock  

wave is t h e  e x i s t e n c e  of  e n e r g e t i c  p a r t i c l e  f l u x e s  beyond 

t h e  magnetosphere  and  presumable  g e n e r a t e d  e i t h e r  d i r e c t l y  

or i n d i r e c t l y  by t h e  shock  wave mechanism. Measurements  

o f  e n e r g e t i c  p a r t i c l e  f l u x e s  w i t h  e n e r g y  40 Kev i n  t h e  

v i c i n i t y  o f  t h e  bow shock  wave have  been pe r fo rmed  b y  t h e  

E x p l o r e r  1 2  (Freeman, 1964) and IMP-I s a t e l l i t e s  (Anderson 

e t .  a l . ,  1 9 6 5 ;  Fan e t . a l . ,  1 9 6 4 ) .  

The E a r t h ' s  Magne t i c  T a i l  

The m o s t  p e r t i n e n t  f e a t u r e  t o  comet t a i l  s t u d i e s  o f  

t h e  i n t e r a c t i o n  o f  t h e  solar  wind w i t h  t h e  geomagne t i c  f i e l d  

h a s  been t h e  d e t a i l e d  mapping o f  a n  e x t e n d e d  magnetic t a i l  

of t h e  e a r t h  by t h e  IMP-I s a t e l l i t e  ( N e s s ,  1 9 6 5 ) .  On t h e  

a n t i s o l a r  side o f  t h e  e a r t h  t h e  m a g n e t i c  f i e l d  is o b s e r v e d  

t o  be s t r o n g l y  d i s t o r t e d  i n  b o t h  d i r e c t i o n  a n d  magn i tude .  

A t  d i s t a n c e s  greater t h a n  8 Re t h e  f i e l d  a p p r o a c h e s  a 

d i r e c t i o n  a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  Earth-Sun l i n e .  I n  

t h e  s o u t h e r n  hemisphe re  r e g i o n  t h e  m a g n e t i c  f i e l d  is 

o b s e r v e d  t o  be d i r e c t e d  away f rom t h e  s u n  w h i l e  i n  t h e  

n o r t h e r n  hemisphe re  t h e  f i e l d  is o b s e r v e d  t o  be directed 

back towards  t h e  s u n  a s  shown i n  F i g u r e  2 .  S e p a r a t i n g  

t h e s e  two reg ions  of s p a c e  a m a g n e t i c a l l y  n e u t r a l  s h e e t - l i k e  

r e g i o n  of s p a c e  h a s  been e x p e r i m e n t a l l y  d i s c o v e r e d .  

T h e o r e t i c a l  estimates of the p r e s e n c e  o f  a n e u t r a l  

s h e e t  i n  t h e  e a r t h ' s  m a g n e t i c  t a i l  have  been  r e c e n t l y  
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s u g g e s t e d ,  p r i n c i p a l l y  b y  Axford,  P e t s c h e k  and  S i s c o e  

(1965) b u t  a l so  d i s c u s s e d  i n  a related s e n s e  by Dessler, 

(1964) , Dessler and  Juday  (1965) and  P i d d i n g t o n  (1960). 

The magnet ic  f i e l d  s t r e n g t h s  o b s e r v e d  i n  t h e  e a r t h l s  magne t i c  

t a i l  are a p p r o x i m a t e l y  10 t o  30 gammas. Dynamic 

changes  of t h e  t a i l  can  be c o r r e l a t e d  w i t h  solar a c t i v i t y ,  

terrestrial  magne t i c  d i s t u r b a n c e s  and v a r i a t i o n s  i n  t h e  

c h a r a c t e r i s t i c s  of t h e  e a r t h ' s  r a d i a t i o n  b e l t  ( N e s s  and  

W i l l i a m s ,  1965). 

The p r e s e n c e  o f  t h e  n e u t r a l  sheet embedded w i t h i n  

t h e  e a r t h ' s  t a i l  is most i m p o r t a n t  i n  t h e  s t u d y  of Type 

I comet ta i l s .  As p o i n t e d  o u t  by Axford e t . a l .  (1965), t h e  

e x i s t e n c e  of a stable or q u a s i - s t a b l e  s h e e t  r e q u i r e s  t h e  

p r e s e n c e  of an  enhanced  plasma f l u x  t o  b a l a n c e  t h e  magnet ic  

p r e s s u r e s  on o p p o s i t e  s i d e s  o f  t he  n e u t r a l  s u r f a c e .  Par t ic le  

measurements  on t he  n i g h t - s i d e  o f  the earth by sa te l l i t es  

have  revealed t h e  e x i s t e n c e  of an  electron t a i l  (Frank ,  1965) 

,:and it 4s s u g g e s t e d  t h a t  t h i s  e l e c t r o n  t a i l  p r o v i d e s  t h e  

e x p e r i m e n t a l  e v i d e n c e  c o n f i r m i n g  the g e n e r a l  c h a r a c t e r i s t i c s  

of t h e  ear th 's  n e u t r a l  sheet. 

The conf inemen t  o f  a plasma i n  t h e  n e u t r a l  s h e e t  

o f fe rs  an  o p p o r t u n i t y  f o r  a d i r e c t  comparison w i t h  Type I 

comet t a i l s .  However, the  e x t e n s i o n  of t h e  geomagnet ic  

f i e l d  t o  f o r m  a magnet ic  t a i l  of t h e  e a r t h  does n o t  imply 

t h a t  the collieta vith Type I tails reqGire an  i n h e r e n t  large 

m a g n e t i c  f i e l d .  A s  d i s g u s s e d  by Alfven  (1957) it is l i k e l y  
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t h a t  t h e  coma w i l l  e n t r a p  t h e  i n t e r p l a n e t a r y  m a g n e t i c  

f i e l d ,  which w i l l  be d ragged  o u t  b e h i n d  t h e  

coma t o  form a t a i l  l i k e  appendage of i n t e r p l a n e t a r y  f i e l d  

l i n e s  which were o r i g i n a l l y  b e i n g  swept  p a s t  t h e  comet 

b y  t h e  so la r  wind.  

On t h e  basis  o f  t h e  measurements  per formed by  IMP-I 

i n  t h e  i n t e r p l a n e t a r y  medium, i t  h a s  been  found t h a t  the  

d i r e c t i o n  of t h e  m a g n e t i c  f i e l d  p e r i o d i c a l l y  r e v e r s e s  

i t s e l f .  Between t h e  o p p o s i t e l y  d i r ec t ed  f i e l d s  are 

n e u t r a l  s u r f a c e s  b e i n g  c o n v e c t i v e l y  t r a n s p o r t e d  i n t o  

i n t e r p l a n e t a r y  s p a c e .  Thus a c a p t u r e  of t h e  i n t e r p l a n e t a r y  

magne t i c  f i e l d ,  as  s u g g e s t e d  by Alfven ,  a l so  i m p l i e s  t h e  

c a p t u r e  of n e u t r a l  s h e e t s  o r  s u r f a c e s  by comets as i l l u s t r a t e d  

i n  F i g u r e  3 .  The scale  o f  t h e  n e u t r a l  s h e e t , a s  measured  

i n  t h e  e a r t h ' s  t a i 1 , i n d i c a t e s  a t h i c k n e s s  on t h e  order of a 

few thousand  k i l o m e t e r s .  The diameter  of t h e  e a r t h ' s  m a g n e t i c  

t a i l ,  44 Re x 3 x 10 

diameter, as estimated f rom t h e  o u t e r m o s t  r a y s  of a Type I 

t a i l .  S u g g e s t i o n s  r e l a t ed  t o  t h e  s p a t i a l  e x t e n t  of t h e  e a r t h ' s  

magne t i c  t a i l  have  been made by  Dcssler (1964) a n d  Dungey (1965). 

The ex tended  geomagne t i c  t a i l  w a s  n o t  o b s e r v e d  b y  t h e  M a r i n e r  

I V  s p a c e  probe a t  a d i s t a n c e  of 3020 R = 1 . 9  x 10 Km 

(Van A l l e n ,  p r i v a t e  communica t ion) .  The data  f r o m  t h i s  u n i q u e  

o p p o r t u n i t y  have  y e t  t o  be a d e q u a t e l y  r e v i e w e d  so t h a t  f i r m  

n e g a t i v e  c o n c l u s i o n s  f rom other.  (1xpc.r i m e n t s  a re  n o t  a v a i l a b l e  

a t  t h e  p r e s e n t  t i m e . c o n c e r n i n g  t h e  l e n g t h  of t h e  e a r t h ' s  t a i l .  

5 K m ,  is a p p r o x i m a t l y  a comet t a i l  

8 
c 
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/ 

Because  of t h e  a p p a r e n t l y  s i m i l a r  r e l a t i o n  of  the  

i n t e r a c t i o n  o f  t h e  solar wind w i t h  e i t h e r  t h e  geomagnet ic  

f i e l d  or t h e  e n t r a p p e d  magnet ic  f i e l d  of comets, w e  

s u g g e s t  i n  t h i s  pape r  t h a t  Type I comet t a i l  r a y s  

r e p r e s e n t  enhanced  d e n s i t i e s  of plasma c o n f i n e d  t o  n e u t r a l  

t u b e s  or s u r f a c e s  w i t h i n  t he  t a i l s  of comets. The r ema inde r  

of t h e  p a p e r  is d e v o t e d  t o  a d i s c u s s i o n  of t h e  p h y s i c a l  

c h a r a c t e r i s t i c s  of  Type I t a i l  r a y s  on t h e  basis  of 

of t h i s  hypothesis.  

Fo rma t ion  of T a i l  Rays 

A l f v e n ' s  o r i g i n a l  s u g g e s t i o n  f o r  t r a p p i n g  of t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  by an  i o n i z e d  coma can  be 

a d a p t e d  w i t h  l i t t l e  m o d i f i c a t i o n .  The q u a s i - p e r i o d i c  

r e v e r s a l  of the  i n t e r p l a n e t a r y  f i e l d  a t  i n t e r v a l s  of  4-7 

d a y s ,  as obse rved  by IMP-I, w i l l  p roduce  a symmetric p a i r  

of n e u t r a l  t u b e s  c o r r e s p o n d i n g  t o  each f i e l d  r e v e r s a l .  

We propose  t h a t  t h e s e  n e u t r a l  t u b e s  are t h e  l o c u s  of t a i l  

r a y s  as shown i n  F i g u r e  3. I t  is also p o s s i b l e  t h a t  a 

s i n g l e  i n t e r p l a n e t a r y  n e u t r a l  s h e e t  or f i e l d  r e v e r s a l  w i l l  

f o r m  m u l t i p l e  n e u t r a l  t u b e s  which may be aided by 

i n h o m o g e n i t i e s  of  t h e  solar wind. 

R e l a t i v e l y  s t r o n g  f i e l d  g r a d i e n t s  w i l l  be p r e s e n t  a t  

t h e  boundary of n e u t r a l  r e g i o n s  which w i l l  t e n d  t o  c o n c e n t r a t e  

i o n s  i n  t h e  n e u t r a l  z o n e s .  The e x i s t e n c e  of s u c h  r e g i o n s  

b a l a n c e s  the magnet ic  p ress~res  and p r e v e n t s  
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f i e l d  l i n e s  of o p p o s i t e  s e n s e  from c o l l a p s i n g  t o g e t h e r  

and a n n i h i l a t i n g  t h e m s e l v e s .  D e t a i l s  of such  

m a g n e t i c a l l y  n e u t r a l  r e g i o n s  need t o  be worked o u t  i n  

t h e  c a s e  of comet t a i l  r a y s .  They r e p r e s e n t  a more s a t i s f a c t o r y  

b a s i s  f o r  t h e  exis tence of w e l l  d e f i n e d  t a i l  r a y s  t h a n  do 

i o n  c l o u d s  t r a p p e d  on l i n e s  of f o r c e  w i t h  t h e  m o t i o n  of 

i o n s  r e s t r i c t e d  t o  f i e l d  l i n e s  i n  a v e r y  l i m i t e d  r e g i o n  

of t h e  comet t a i l .  

C h a r a c t e r i s t i c s  of  T a i l  Rays 

O b s e r v a t i o n s  of comet t a i l s  have r e v e a l e d  s e v e r a l  

g e n e r a l  f e a t u r e s  of t h e  r a y s  (Wurm, 1 9 6 3 ) .  The most i m p o r t a n t  

c h a r a c t e r i s t i c s ,  w i t h  r e s p e c t  t o  t h i s  p a p e r ,  are: 

1. The o c c u r r e n c e  of l o n g , n a r r o w  r a y s  w i t h  w i d t h s  

less t h a n  t h e  r e s o l u t i o n  of  t h e  p l a t e s ,  - 2000 Km, 

and l e n g t h s  e x t e n d i n g  t o  l o 7  or 10  8 
Km, 

2 .  T a i l  r a y s  d i s p l a y  a symmetry w i t h  r e s p e c t  t o  t h e  

t a i l  ax i s  or a p p r o x i m a t e l y  a n t i s o l a r  d i r e c t i o n , a n d  

3. T a i l  r a y s  f i r s t  a p p e a r  a t  l a r g e  a n g l e s  t o  t h e  

a x i s ,  60° or more, and grow l o n g e r  a s  t h e y  approach  

t h e  t a i l  a x i s .  These p h y s i c a l  d e t a i l s  have been 

d e s c r i b e d  a s  t h e  " f o l d i n g  u m b r e l l a "  geometry  by 

Marochnik (1964) .  

These c h a r a c t e r i s t i c s  are s e e n  t o  f o l l o w  from t h e  model 

o f  F i g u r e  3 and t h e  p r o p e r t i e s  of t h e  e a r t h ' s  n e u t r a l  s h e e t .  

No s p e c i f i c  r e q u i r e m e n t s  f o r  e j ec t ion  v e l o c i t y  or a n g l e  
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are r e q u i r e d .  I n i t i a l  v e l o c i t i e s  greater t h a n  10 W s e c  

(Wurm, 1953; Edd ing ton ,  1910) are n o t  r e q u i r e d .  The 

e n v e l o p e  of C o m e t  Morehouse (Eddington ,  1910) a l so  a p p e a r s  

t o  be p l a u s i b l y  e x p l a i n e d  w i t h  the  p r e s e n t  h y p o t h e s i s .  

I n  t h i s  case we are dealing w i t h  t h e  i n t e r a c t i o n  of t h e  

magne t i zed  plasma c l o u d  w i t h  t h e  coma i n  f r o n t  of the 

comet. A detailed s t u d y  of t h i s  phenomenon may f u r n i s h  

i n s i g h t  i n t o  t h e  manner i n  which t h e  magne t i zed  solar 

plasma and t h e  coma first  i n t e r a c t .  

The t i m e  h i s t o r y  of a r a y  and  t h e  a n g l e  between 

i t  a n d  t h e  t a i l  axis can  be c a l c u l a t e d  from o u r  model. I f  

t h e  i o n s  are t r a p p e d  i n  t h e  n e u t r a l  sheet t h e y  are carried 

back w i t h  i t  by the  motion of the f i e l d  l i n e s  and  no  large 

v e l o c i t y  component a l o n g  the r a y  is n e c e s s a r y .  $'he t w o  

parameters needed  are t h e  v e l o c i t y  of the solar wind and  

t h e  diameter of t h e  r e g i o n  which  in te rac ts  w i t h  t h e  solar 

p lasma and  retards i ts  m o t i o n .  

I n  F i g u r e  4 t h i s  geometry is i l l u s t r a t e d  where 

d e n o t e s  the a n g l e  between a r a y  and  the  t a i l  ax is ,  L t h e  

0 

p r o j e c t i o n  of a r a y  on t h e  a x i s  and  D t h e  e f f e c t i v e  r a d i u s  

of t h e  r e g i o n  f o r  i n t e r a c t i o n  w i t h  and s u b s e q u e n t  s l o w i n g  

of t h e  solar plasma c l o u d .  

of t h e  plasma is t h e  v e l o c i t y  of the solar wind,  i n d i c a t e d  

by  Vs, which a t  a la te r  t ime  drags t h e  r a y  t o  t h e  p o s i t i o n  

i n d i c a t e d  by t h e  dashed  l i n e .  

The u n i n t e r r u p t e d  v e l o c i t y  

The angle  e is d e r i v e d  from D and  L as ,  

t a n  8 = D 
L 
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so  t h a t  the  a n g u l a r  r a t e  a t  which r a y s  approach t h e  

a x i s  is g i v e n  by: 

de 2 vS = - s i n  0 - 
d t  D 

R e p r e s e n t a t i v e  v a l u e s  of D ,  Vs and  0 are chosen  i n  t h e  

c u r v e s  of F i g u r e  4 i l l u s t r a t i n g  t h e  a n g u l a r  ra te  of  r a y  

c l o s u r e  

The t i m e  for a r a y  t o  reach an  i n c l i n a t i o n  0 is g i v e n  

by t h e  i n t e g r a l  of e q u a t i o n  (2) assuming D t o  be c o n s t a n t :  

( c t n  e - c t n  e ) (3) 
t = -  D 

VS i 

6 
F i g u r e  4 p r e s e n t s  t h e  t i m e  h i s t o r y  of t a i l  r a y  

f o r m a t i o n  for t h e  same v a l u e s  of t h e  c r i t i c a l  p a r a m e t e r s  

as u s e d  p r e v i o u s l y .  As known from p r e v i o u s  o b s e r v a t i o n s ,  

t h e  ra te  of r a y  c l o s u r e  decreases r a p i d l y  w i t h  0. For 

most of the  t i m e  i n  t h e  h i s t o r y  of a r a y ,  i t  is p r e d i c t e d  

t o  be obse rved  a t  a s m a l l  a n g l e  t o  t h e  t a i l  ax i s .  Shown 

i n  F i g u r e  6 are d a t a  p o i n t s  f o r  d0 o b t a i n e d  from t h e  

measurements  of Wurm and Mammano [1$64) f o r  C o m e t  Morehouse.  

f 

d t  

These  p o i n t s  a s  p u b l i s h e d ,  must  be cor rec ted  for t r u e  a n g l e  

and  a n g u l a r  v e l o c i t i e s  i n  t h e  p l a n e  of t h e  t a i l .  I t  is s e e n  

i n  t h i s  f i g u r e  t h a t  t h e  a p p a r e n t  v a l u e  of D which bes t  f i t s  

t h e  data i s  5 x 10 Km. The t r e n d  of t he  s u c c e s s i v e  p o i n t s  
6 

f o r  each s e p a r a t e  r a y  is i n  ag reemen t  w i t h  t h a t  which would 

be p r e d i c t e d  by t h i s  t h e o r y ,  
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C e r t a i n  a d d i t i o n a l  geometrical f e a t u r e s  of t h e  t a i l  

a lso follow from t h e  p r e s e n t  model. The t a i l  axis  is now 

c l e a r l y  t h e  symmetry a x i s  toward which r a y s  conve rge .  As 

proposed  t h e  t a i l  d i r ec t ion  is de te rmined  by  t h e  local 

solar  w i n d  v e l o c i t y ,  and w i l l  l ag  b e h i n d  t h e  r a d i u s  v e c t o r  

by a n  a n g l e  e g i v e n  by: 

ve t a n  e - vs 

where V e  is t h e  comet v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  r a d i u s  

v e c t o r  from t h e  s u n .  

of 400 Km/sec, e w i l l  be 4.5'. 

of t h e  t a i l  a x i s , c o u p l e d  w i t h  d i s tor t ion  of t h e  

a n g l e  between t h e  a x i s  and  t h e  r a y  due t o  v iewing  geometry  

may s i g n i f i c a n t l y  a f f e c t  the  i n t e r p r e t a t i o n  of o b s e r v a t i o n s .  

Fo r  V, of a b o u t  30 Km/sec and  Vs 

T h i s  a b e r r a t i o n  effect  

As p o i n t e d  o u t  by Wurm, care must be t a k e n  i n  

e s t a b l i s h i n g  t h e  t a i l  d i r e c t i o n  s i n c e  w i t h  an  asymmetrical 

geomet ry ,  t h e  a p p a r e n t  d i r e c t i o n  may d e v i a t e  f r o m  t h e  real 

d i r ec t ion .  Malaise (1953) assumed t h a t  t h e  t a i l  a x i s  d i r e c t i o n  

is g i v e n  by t h e  d i rec t ion  of the l o n g e s t  r a y .  The r e p r o d u c e d  

p h o t o g r a p h s  i n d i c a t e  t h a t  Comet Burnham p o s s e s s e d  m u l t i p l e  

r a y  s t r u c t u r e s .  These r a y s  s h o u l d  first a p p e a r  a t  large 

a n g l e s  and  g r a d u a l l y  approach  t h e  axis  w i t h  a l i fe t ime of 

a d a y  or a t  most a f e w  d a y s  (Wurm, 1963) .  

W e  would a l s o  e x p e c t  t h a t  a series of o b s e r v a t i o n s  a t  

i n t e r v a l s  of one h a i f  t~ mie bag might give the impress ion  
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of a "wagging" t a i l .  T h i s  is shown i n  F i g u r e  7 ,  which 

r e p r o d u c e s  t h e  o b s e r v a t i o n s  o f  Malaise. We feel  i t  is d o u b t f u l  

t h a t  t h e  same r a y  w a s  c o n t i n u o u s l y  o b s e r v e d  and  i n  o u r  

i n t e r p r e t a t i o n  a b o u t  5 d i s t i n c t  r a y s  were o b s e r v e d .  The 

s a t i s f a c t o r y  r e s o l u t i o n  o f  t h i s  problem r e q u i r e s  c o n t i n u o u s  

o b s e r v a t i o n s , a t  s h o r t  i n t e r v a l s , f o r  s e v e r a l  d a y s  a t  a b o u t  an  

hour  a p a r t .  

Another  p r o p e r t y  o f  t h e  t a i l  geomet ry  is t h e  o r i e n t a t i o n  

o f  t h e  t a i l .  The a x i s  must  be i n  t h e  o r b i t a l  p l a n e  as  i t  is 

a r a d i u s  v e c t o r  which has  been s u b j e c t e d  t o  a b e r r a t i o n .  

However, t h e  r a y  s t r u c t u r e ,  i n  t h e  ideal case of t h e  

p r e s e n t  h y p o t h e s i s ,  would be i n  a p l a n e  m n t a i n i n g  t h e  c a p t u r e d  

magnetic f i e l d  l i n e s  and  t h e  r a d i u s  v e c t o r ,  a s  s e e n  from 

F i g u r e  3. T h i s  is t h e  p l a n e  t a n g e n t  t o  t h e  Archemedian 

h e l i x  p a s s i n g  t h r o u g h  t h e  comet a n d  i n c l u d i n g  t h e  r a d i u s  

v e c t o r  t o  t h e  comet. Al though the  o r b i t a l  p l a n e  a n d  t h e  

t a n g e n t  p l a n e  intersect  a l o n g  t h e  r a d i u s  v e c t o r  a n y  a n g l e  be tween 

t h e  t w o  may o c c u r .  

0 
The a p p a r e n t  a n g l e  between r a y  a n d  ax i s  w i l l  be 0 

when the  e a r t h  l i e s  i n  t h e  t a n g e n t  p l a n e  a n d  t h u s  t h e  t a i l  

would a p p e a r  as  a na r row s p i k e  w i t h  a t h i c k n e s s  e q u a l  t o  

t h a t  of t h e  n e u t r a l  t u b e s .  A s t u d y  of t h e  r e l a t i o n  between 

Type I t a i l  fo rms  w i l l  s e r v e  a s  a c r i t i c a l  tes t  of t h i s  

t a i l  h y p o t h e s i s .  
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A major problem e x i s t s  w i t h  r e s p e c t  t o  t h e  o r i g i n  of 

t h e  i o n s  w i t h i n  the  n e u t r a l  tubes.  P o s s i b l y  t h e y  d e v e l o p  

from n e u t r a l  m o l e c u l e s  which become i o n i z e d  by e n e r g e t i c  

p a r t i c l e s  i n  t he  n e u t r a l  r e g i o n s .  The l u m i n o s i t y  of t h e  

t a i l  r a y s  depends  on t h e  c o n t a i n e d  i o n  c o n c e n t r a t i o n .  This 

depends  upon t h e  CO c o n c e n t r a t i o n  a t  t h e  p o i n t  where 

i o n i z a t i o n  and  t r a p p i n g  first o c c u r s .  S t r u c t u r a l  f e a t u r e s  

of n e u t r a l  r e g i o n s  which a f fec t  i o n i z a t i o n  d e t e r m i n e  t h e  

d i s t r i b u t i o n  of i o n s  i n t o  one of the  p a i r  of r a y s  formed 

by  t h e  i n t e r p l a n e t a r y  n e u t r a l  sheets. 

The w e l l  known v a r i a t i o n s  of l u m i n o s i t y  and i n t e r n a l  

s t r u c t u r e  w i t h i n  r a y s  c a n  be accoun ted  for  by i n s t a b i l i t i e s  

and  MHD waves i n  n e u t r a l  t u b e s .  S t a b i l i t y  problems depend 

upon t h e  m a g n e t i c  f i e l d  s t r e n g t h  and  plasma d e n s i t i e s .  

According t o  Wurm (1961) CO+ d e n s i t i e s  i n  comet t a i l  rays 

are a b o u t  10 /cm3. 

inns ,  which are p r o b a b l y  a small c o r r e c t i o n ,  u n o b s e r v a b l e  

i o n s ,  which may be c o n s i d e r a b l y  greater by p e r h a p s  a factor 

of 100, and  f i n a l l y  e n e r g e t i c  p r o t o n s  and  e l e c t o n s  t r a p p e d  

or produced  i n  t h e  n e u t r a l  r e g i o n s .  The p r e s e n c e  of 

e n e r g e t i c  e l e c t r o n s  i n  t h e  comet t a i l  n e u t r a l  r e g i o n ,  ana logous  

3 To t h i s  must be added t h e  other v i s i b l e  

. .  

t o  the case of the  high f l u x  of e l e c t r o n s  w i t h  e n e r g y  

>40 Kev o b s e r v e d  i n  t h e  earth's t a i l ,  may be the  dominant 

factor i n  p roduc ing  CO+ i n  t he  t a i l  or p e r h a p s  removing 

i t  by f u r t h e r  i o n i z a t i o n  and d i s s o c i a t i o n .  I n  either case 

the  CO+ c o n c e n t r a t i o n  w i l l  depend upon the  c o n c e n t r a t i o n  of 

e n e r g e t i c  e l e c t r o n s .  
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Wurm (1963) has c r i t i z e d  t h e  solar c o r p u s c u l a r  

h y p o t h e s i s  of t a i l  fo rma t ion  b e c a u s e  c o n s i d e r a b l e  a c t i v i t y  

may o c c u r  i n  some r a y s  w i t h o u t  a n y  e f f e c t  i n  others.  

I n s t a b i l i t i e s  i n  t h e  n e u t r a l  regions depend upon 

. c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  r e g i o n s .  D e n s i t y  f l u c t u a t i o n s ,  

even  of a n  ex t r eme  n a t u r e , m a y  v a r y  w i d e l y  f rom r a y  t o  r a y .  

A v i o l e n t ,  l a r g e  sca le  d i s t u r b a n c e  i n  t he  i n t e r p l a n e t a r y  

plasma c o u l d  a f f e c t  t he  e n t i r e  t a i l  as  i n  t h e  case o f  comet 

Humason (Roemer, 1961) 

We can  a l s o  c a l c u l a t e  t h e  v e l o c i t y  o f  A l fven  waves i n  

t h e  t a i l  a n d  compare t h e s e  v e l o c i t i e s  w i t h  o b s e r v e d  "cloud" 

v e l o c i t i e s  of  20-100 K m / s e c .  Assuming f i e l d  s t r e n g t h s  o f  

20 gammas and  CO+ d e n s i t i e s  of 10 t h e n  t h e  Al fven  s p e e d  3 

Va =A is a p p r o x i m a t e l y  5 K m / s e c .  S t r o n g e r  f i e l d s  o f  

30 or 40 gammas may be r e q u i r e d  a n d  a p p e a r  p l a u s i b l e  a t  t h i s  
4n 

t i m e .  I n c r e a s e d  d e n s i t i e s  of i o n s  r e d u c e  t h e  v e l o c i t i e s  

b u t  even a n  o r d e r  of magni tude  error i n  t h e s e  estimates 

w i l l  o n l y  r e d u c e  t h e  s p e e d  by a f a c t o r  of 3. 
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C o n c l u s i o n s  

. The e x p e r i m e n t a l  o b s e r v a t i o n  of  c o n t i n u o u s  f l u x  of 

p lasma from t h e  sun  w i t h  q u a n t i t a t i v e  measurements  of 

its c h a r a c t e r i s t i c s  forms  t h e  basis  o f  a new t h e o r y  

c o n c e r n i n g  t h e  f o r m a t i o n  o f  Type I comet t a i l  r a y s .  The 

i n t e r a c t i o n  o f  t h i s  solar w i n d  w i t h  t h e  geomagnet ic  f i e l d  

leads to  t h e  development  o f  an e x t e n d e d  magnetic t a i l  w i t h  

a n  embedded m a g n e t i c a l l y  n e u t r a l  sheet c o n t a i n e d  w i t h i n  it. 

The m a g n e t i c a l l y  n e u t r a l  r e g i o n  r e p r e s e n t s  an e f f e c t  o f  

conf inemen t  of plasma of enhanced d e n s i t y  which may have 

a p a r a l l e l  i n  t h e  r a y s  of Type-I comet t a i l s .  

Because t h e  solar plasma is magnet ized  and  c o n v e c t i v e l y  

t r a n s p o r t s  solar f i e l d  l i n e s  i n t o  i n t e r p l a n e t a r y  s p a c e  it 

is n o t  n e c e s s a r y  t h a t  comets  p o s s e s s  i n h e r e n t  magne t i c  f i e l d .  

F o l l o w i n g  t h e  o r i g i n a l  s u g g e s t i o n  of  Alfven for c a p t u r e  of 

t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  w e  s u g g e s t  t h a t  t h e  

o b s e r v e d  r e v e r s a l s  of d i r e c t i o n  i n  t h e  i n t e r p l a n e t a r y  medium 

are r e f l e c t e d  i n t o  t h e  t a i l s  of comets by t h e  f o r m a t i o n  of 

n e u t r a l  t u b e s .  These n e u t r a l  t u b e s  form t h e  t r a p p i n g  r e g i o n s  

for  p lasmas  which are obse rved  v i s u a l l y .  

C h a r a c t e r i s t i c s  o f  t a i l s  r a y s  formed i n  t h i s  manner 

e x p l a i n  obse rved  f e a t u r e s  of t h e  t i m e  h i s t o r y  of t a i l  r a y s .  

A d i r ec t  r e s u l t  of t h i s  model is t h e  s u g g e s t i o n  for  c o n t i n u o u s  

m o n i t o r i n g  of comet t a i i s  of Type-1 a v e r  i n t e r v a l s  OS 3 or 
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4 d a y s  w i t h  o b s e r v a t i o n s  a t  i n t e r v a l s  of 1 t o  2 h o u r s .  

An a d d i t i o n a l  new f e a t u r e  is t h e  p r e d i c t i o n  t h a t  t h e s e  

t a i l s  l i e  n e a r l y  i n  t h e  p l a n e  c o n t a i n i n g  t h e  r a d i u s  v e c t o r  

f rom t h e  s u n  a n d  t h e  m a g n e t i c  f i e l d  l i n e s ,  Time l a p s e  

pho tography  of t h e  dynamics of t a i l  r a y s  a n d  i n v e s t i g a t i o n s  

of p e r s p e c t i v e  e f f e c t s  o n  t a i l  s t r u c t u r e  w i l l  p r o v i d e  

c r i t i c a l  tests o f  t h i s  h y p o t h e s i s  and a l so  lead t o  new 

i n s i g h t  i n t o  the  n a t u r e  o f  comet t a i l s .  

F i n a l l y ,  f u r t h e r  s t u d y  of t h e  geomagne t i c  t a i l  

p a r t i c u l a r l y  w i t h  r e g a r d  t o  p lasma d e n s i t i e s  and  

i n s t a b i l i t i e s  w i l l  p r o v i d e  a v a l u a b l e  method f o r  u n d e r -  

s t a n d i n g  comet t a i l  phenomena. 

. 
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L i s t  of F i g u r e s  . 

1. Summary o f  t h e  magnetopause and  shock wave boundary  
p o s i t i o n s  as o b s e r v e d  by t h e  IMP-I s a t e l l i t e .  I n d i v i d u a l  
o b s e r v a t i o n s  have  been ro ta ted  i n  a so l a r  e c l i p t i c  
m e r i d i a n  p l a n e  i n t o  t h e  e c l i p t i c  p l a n e .  S u c c e s s i v e  
t r a v e r s a l s  of t h e  boundary are c o n n e c t e d  by s t r a i g h t  
l i n e s  if n o  gap  e x i s t s  i n  t h e  data.  T h r e e  r e g i o n s  of 
s p a c e  are d i s t i n g u i s h e d  by t h e s e  t w o  b o u n d a r i e s :  t h e  
i n t e r p l a n e t a r y  medium, t h e  t u r b u l e n t  t r a n s i t i o n  r e g i o n  
and t h e  magnetosphere  or d i s t o r t e d  geomagne t i c  f i e l d .  

2: Summary i l l u s t r a t i o n  o f  t h e  i n t e r p r e t a t i o n  o f  t h e  IMP-I 
d a t a  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t he  e c l i p t i c  
i l l u s t r a t i n g  s t r o n g  d a y - n i g h t  asymmetry i n  t h e  r a d i a t i o n  
b e l t s  and  t h e  development  o f  t h e  e x t e n d e d  m a g n e t i c  t a i l  
of t h e  E a r t h .  

3. C a p t u r e  o f  t he  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  by t h e  coma 
of a comet as  s u g g e s t e d  by Alfvgn (1957) .  The r e v e r s a l  
of t h e  d i r e c t i o n  of the  i n c i d e n t  f i e l d  leads t o  t h e  
development  o f  n e u t r a l  t u b e s .  T h i s  is t h e  basic 
h y p o t h e s i s  of t a i l  r a y  f o r m a t i o n  s u g g e s t e d  i n  t h i s  
p a p e r .  

4 .  T h e o r e t i c a l  estimate of t h e  a n g u l a r  r a t e  o f  t a i l  r a y  
c l o s u r e  assuming nominal  v a l u e s  for  t h e  c r i t i c a l  
p a r a m e t e r s  D ,  L a n d  Vs (See t e x t ) .  

5 .  Comparison o f  t h e o r e t i c a l  t a i l  r a y  a n g u l a r  r a t e  o f  
c l o s u r e  w i t h  o b s e r v a t i o n s  o f  r a y s  o f  comet Morehouse 
(Wurm and  Mammano, 1964) .  The n o t a t i o n  c y 1 ,  c y 2 ,  cy3 
and fj, c o r r e s p o n d s  t o  t h a t  of these a u t h o - s .  

6. P r e d i c t e d  t o t a l  t i m e  of r a y  c l o s u r e  a s suming  nominal  
v a l u e s  o f  D ,  L and  Vs (See t e x t ) .  

7 .  "The a n g l e  G between t h e  r a d i u s  v e c t o r  a n d  t h e  t a i l  is 
p l o t t e d  a g a i n s t  t i m e  s t a r t i n g  on A p r i l  21, 1960. T h i s  
a n g l e  has p o s i t i v e  v a l u e s  when t h e  t a i l  l i e s  "behind" 
t h e  r a d i u s  v e c t o r .  A t e n t a t i v e  c u r v e  has  been  drawn t o  
f i t  the  o b s e r v a t i o n s  a n d  d i s p l a y s  a p s e u d o p e r i o d i c i t y  
of f o u r  d a y s  (Malaise, 1963) The dashed l i n e s  
i nd ica t e  t h e  a l t e r n a t e  i n t e r p r e t a t i o n  s u g g e s t e d  i n  t h i s  
pape r  ( D = 5 x 1 0 6 K m  a n d  Vs = 500 Km/sec). 
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